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We investigate in the Large Hadron Collider (LHC) environment the possibility that size-
able interference effects between a heavy charged Higgs boson signal produced via bg → tH−
(+ c.c.) scattering and decaying via H− → W−A → W−bb¯ (+ c.c.) and the irreducible
background given by bg → tW−bb¯ topologies could spoil current search approaches where
the former and latter channels are treated separately. The rationale for this comes from
the fact that a heavy charged Higgs state can have a large width, and so can happen for
the CP-odd neutral Higgs state emerging in the ensuing decays well, which in turn enables
such interferences. We conclude that effects are very significant, both at the inclusive and
exclusive level (i.e., both before and after H± selection cuts are enforced, respectively) and
typically of a destructive nature. This therefore implies that currently established LHC
reaches for heavy charged Higgs bosons require some level of rescaling. However, this is
possible a posteriori, as the aforementioned H± selection cuts shape the interference contri-
butions at the differential level in a way similar to that of the isolated H± signal, so there is
no need to reassess the efficiency of the individual cuts. We show such effects quantitatively
by borrowing benchmarks points from different Yukawa types of a 2-Higgs Doublet Model
parameter space for H± values starting from around 200 GeV.
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2I. INTRODUCTION
As much as one would welcome the production of a light charged Higgs boson from top-quark
decay at the LHC, as the event rate would be plentiful, it must be recognised by now that the
likelihood of this being a design of Nature is becoming slimmer and slimmer. This is because
extensive searches have been carried out by the ATLAS and CMS Collaborations in this mode,
assuming a variety of H± decay channels, none of which has been fruitful. Hence, it is becoming
more likely than otherwise that, if such a state indeed exists in Nature, it will be heavier than the
top quark, i.e., MH± > mt
1.
The call for establishing an H± signal comes from an intriguing theoretical consideration, that
the discovery of a (singly) charged Higgs boson would signal the existence of a second Higgs doublet
in addition to the Standard Model (SM)-like one already established through the discovery of the
W± and Z bosons at the Spp¯S [2, 3] in the eighties and of a Higgs boson itself at the LHC only
five years ago [4, 5]. Such a spinless field can naturally be accommodated in 2HDMs, which
are the standard theoretical frameworks assumed in experimental analyses. Indeed, in their CP-
conserving versions, 2HDMs present in their spectra, after spontaneous Electro-Weak Symmetry
Breaking (EWSB), five physical Higgs states: the neutral pseudoscalar (A), the lightest (h) and
heaviest (H) neutral scalars and two charged ones (H±).
Of all 2HDM Yukawa types (see [6] for a review), we concentrate here on the 2HDM Type II,
Flipped and Type III ones (to be defined later). This is because such Yukawa types of 2HDMs
have a preference for heavy charged Higgs bosons. In the 2HDM Type II and Flipped, constraints
from b→ sγ decays put a lower limit on the H± mass at about 580 GeV, rather independently of
tanβ [8, 9]. In the 2HDM Type III, such constraint is relaxed, yet the combination of all available
experimental data places a lower limit on MH± at about 200 GeV or possibly even less [10]. Hence,
both such 2HDM scenarios provide parameter spaces that are suitable to benchmark experimental
searches for heavy charged Higgs bosons.
Such a heavy mass region is very difficult to access because of the large reducible and irreducible
backgrounds associated with the main decay mode H+ → tb¯, following the dominant production
channel bg → tH− [11]. (Notice that the production rate of the latter exceeds by far that of other
possible production modes, like those identified in [1, 12–14], thus rendering it the only accessible
production channel at the CERN machine in the heavy mass region.) The analysis of the H+ → tb¯
signature has been the subject of many early phenomenological studies [15]–[18], their conclusion
being that the LHC discovery potential might be satisfactory, so long that tanβ is small (≤ 1.5)
or large (≥ 30) enough and the charged Higgs boson mass is below 600 GeV or so. Such rather
positive prospects have recently been revived by an ATLAS analysis of the full Run-I sample [19],
which searched precisely for the aforementioned H± production and decay modes, by exploring
the mass interval from 300 to 600 GeV. In fact, an excess with respect to the SM predictions was
observed for MH± hypotheses in the heavy mass region. While CMS does not confirm such an
excess [20], the increased sensitivity that the two experiments are accruing with current Run-II
data calls for a renewed interest in the search for such elusive Higgs states.
In this spirit, and recognising that the H+ → tb¯ decay channel eventually produces a W+bb¯
signature, Ref. [21] attempted to extend the reach afforded by this channel by exploiting the
companion signature H+ → hSMW+ → bb¯W+, where hSM is the SM-like Higgs boson discovered
at CERN in 2012 (which is either the h or H state of 2HDMs). The knowledge of its mass now
provides in fact an additional handle in the kinematic analysis when reconstructing a Breit-Wigner
1 We should note however that both the production and decay modes used in all present searches may have a strong
dependence on the parameters of the model. In particular versions of the 2-Higgs Doublet Model (2HDM) [1], for
example, a very large value of the parameter tanβ, the ratio of the Vacuum Expectation Values (VEVs) of the two
doublets, will render useless any search involving Yukawa couplings. For these scenarios only processes involving
the electromagnetic coupling of the charged Higgs would be able to settle the issue of existence of light charged
Higgs bosons.
3resonance in the hSM → bb¯ decay channel, thereby significantly improving the signal-to-background
ratio afforded by pre-Higgs-discovery analyses [22, 23]. Such a study found that significant portions
of the parameter spaces of several 2HDMs are testable at Run-II.
Spurred by the aforementioned experimental results and building upon Ref. [21], some of us
studied in Ref. [24] all intermediate decay channels of a heavy H± state also yielding a W±bb¯
signature, i.e., H+ → tb¯, hW±, HW± and AW±, starting from the production mode bg → tH− (+
c.c.) (see also [25]). In doing so, we also took into account interference effects between these four
channels, in the calculation of the total H± width as well as of the total yield in the cumulative
W±bb¯ final state (wherein the W± decays leptonically), with the aim of maximising the exper-
imental sensitivity of ATLAS and CMS. The outcome of this analysis was that somewhat more
inclusive search strategies (historically geared towards extracting the prevalent H+ → tb¯ signature)
ought to be deployed, that also capture H+ → W+ Higgs → W+bb¯ channels. The exercise was
performed specifically for a 2HDM Type II, but results therein can easily be extrapolated to other
Yukawa types.
In [24], only interferences between the four 2HDM channels yielding H+ → W+bb¯ decays were
taken into account though, i.e., those between the different signal modes. While clearly all of these
decay rates cannot be large at the same time, the important role of interferences amongst these
decay modes was clearly established. However, in that analysis, the role of interference effects
between any of these signals and the irreducible background was not discussed, as illustrative
examples of the H± production and decay phenomenology were chosen so as to nullify their impact.
Unfortunately, this condition can only be realised in specific regions of the 2HDM parameter space
considered, whichever the Yukawa type, not everywhere. It is the purpose of this paper to address
this issue, i.e., to assess the impact of interference effects between signal and irreducible background
in the H+ → W+bb¯ channel on current phenomenological approaches to extract the latter. We
will show that such effects are indeed very large for heavy H± masses over certain region of the
2HDM parameter space considered, both at the inclusive and exclusive level, i.e., before and after
a selection is enforced, respectively. We will give some quantitative examples of this for the case of
the specific H+ →W+A→W+bb¯ signal mode in three different Yukawa types of 2HDM (namely
Type II, Flipped and Type III), for several MH± choices.
The plan of this paper is as follows. In the next section we introduce the 2HDM types con-
sidered and define their available parameter spaces based on current experimental and theoretical
constraints in the following one. Then we proceed to describe what are the relevant diagrams
entering both signal and (irreducible) background as well as illustrate how we computed these.
Sect. V is our numerical signal-to-background analysis. Finally, we draw our conclusions based on
the results obtained in the last section of the paper.
II. THEORETICAL FRAMEWORK OF 2HDMS
In this section we define the scalar potential and the Yukawa sector of the 2HDM Type II,
Flipped and Type III. The most general scalar potential which is SU(2)L ⊗ U(1)Y invariant is
given by [6, 26]
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4The scalar doublets Φi (i = 1, 2) can be parametrised as
Φi(x) =
(
φ+i (x)
1√
2
[v1 + ρ1(x) + iη1(x)]
)
, (2)
with v1,2 ≥ 0 being the VEVs satisfying v =
√
v21 + v
2
2, with v = 246.22 GeV [27]. Hermiticity of
the potential forces λ1,2,3,4 to be real while λ5,6,7 and m
2
12 can be complex. In this work we choose
to work in a CP-conserving potential where both VEVs are real and λ5,6,7 and m
2
12 are also real.
After EWSB, three of the eight degrees of freedom in 2HDMs are the Goldstone bosons (G±, G0)
and the remaining five degrees of freedom become the aforementioned physical Higgs bosons. After
using the minimisation conditions for the potential together with the W± boson mass requirement,
we end up with nine independent parameters which will be taken as:
{mh ,mH ,mA ,mH± , α , β ,m212, λ6, λ7} , (3)
where tanβ ≡ v2/v1 and β is also the angle that diagonalises the mass matrices of both the CP-odd
and charged Higgs sector while the angle α does so in the CP-even Higgs sector.
The most commonly used version of a CP-conserving 2HDM is the one where the terms pro-
portional to λ6 and λ7 are absent. This can be achieved by imposing a discrete Z2 symmetry
on the model that usually takes the form Φi → (−1)i+1Φi i = 1, 2. Such a symmetry would
also require m212 = 0, unless we allow a soft violation of this discrete symmetry by the dimension
two term m212. When this Z2 symmetry is extended to the Yukawa sector we end up with four
possibilities regarding the Higgs bosons couplings to the fermions. The two Z2 symmetric models
we will use in the work are the Type II model - where the symmetry is extended in such a way
that only Φ1 couples to up-type quarks while only Φ2 couples to down-type quarks and leptons
- and the Flipped model - where Φ1 couples to to up-type quarks and leptons while Φ2 couples
to the down-type quarks. Besides the Type II and Flipped scenarios we will also study a version
of the more general case of Type III, to be discussed below, where neither the potential nor the
Yukawa Lagrangian is Z2 symmetric. Therefore, for this particular case, λ6 6= 0 and λ7 6= 0. Still
in this work we will consider the limit λ6 ≈ λ7 ≈ 0. The reason is basically that of simplicity and
it is justified by the fact that: a) the study does not depend on those parameters as there are no
Higgs self-coupling present in our analysis; b) it is a tree-level study and λ6 ≈ λ7 ≈ 0 is a tree-level
condition; c) the only possible effect on our study would be to enlarge the allowed values of the
parameter ranges which would not change our conclusions.
In the most general version of the 2HDM, the Yukawa sector is built such that both Higgs
doublets couple to quarks and leptons. The model is known as 2HDM Type III [28, 29] and the
Yukawa Lagrangian can be written as
−LY = Q¯L(Y d1 Φ1 + Y d2 Φ2)dR + Q¯L(Y u1 Φ˜1 + Y u2 Φ˜2)uR + L¯L(Y l1Φ1 + Y l2Φ2)lR + h.c., (4)
where QTL = (uL, dL) and L
T
L = (lL, lL) are the left-handed quark doublet and lepton doublet,
respectively, Y fk (k = 1, 2 and f = u, d, l) denote the 3 × 3 Yukawa matrices and Φ˜k = iσ2Φ∗k,
k = 1, 2. Since the mass matrices of the quarks and leptons are a linear combination of Y f1 and
Y f2 , Y
d,l
1,2 and Y
u
1,2 cannot be diagonalised simultaneously in general
2. Therefore, neutral Higgs
Yukawa couplings with flavour violation appear at tree-level and lead to a tree-level contribution
to ∆MK,B,D as well as to Bd,s → µ+µ− mediated by neutral Higgs exchange. This is an important
distinction with respect to Z2 symmetric models and can have important repercussions for many
2 Since we are interested in the couplings of a charged Higgs boson to quarks we just consider that the lepton flavour
violating couplings are small enough not to show any effect in the measured processes involving leptons.
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TABLE I: Neutral Higgs Yukawa couplings in Type II and Type III relative to the SM Higgs
Yukawa couplings with ηfij =
√
mi/mjχ
f
ij/v. The Yukawa couplings for the Flipped model are
easily obtained from the Type II ones with the replacements: ξu,d,`Φ (Flipped) = ξ
u,d,u
Φ (Type II).
different physical quantities. Note that also the charged Higgs coupling to a pair of fermions is
modified, which will in turn induce changes in the contribution of the charged Higgs loop in b→ sγ
at the one loop-level. In order to get naturally small Flavour Changing Neutral Currents (FCNCs),
we will use the Cheng-Sher ansatz by taking Y i,jk ∝
√
mimj/v [28, 29].
After EWSB, the Yukawa Lagrangian can be expressed in the mass-eigenstate basis as [10, 30]:
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∑
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)
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)
, (5)
where the couplings ξfΦ are given in table I for Type II, Flipped and Type III. We stress that the
parameters ηfij are related to the Yukawa couplings through the relations: η
u
ij = U
u
LY
u
1 U
u†
R /mj and
ηdij = U
d
LY
d
2 U
d†
R /mj , where U
f
L,R are unitary matrices that diagonalise the fermions mass matrices.
Using the Cheng-Sher ansatz, we assume that ηfij =
√
mi/mjχ
f
ij/v where χ
f
ij is a free parameter
that will be taken in the range [−1, 1]. As can be seen from table I, if the χfij ’s are of O(1), the
new effects are dominated by heavy fermions and comparable with those in the 2HDM Type II
and Flipped models. The effect of the χfij ’s can modify significantly the limit on the charged Higgs
boson mass coming from b → sγ. As recently discussed in [9], the mass of the charged Higgs
boson is bounded to be heavier than about 580 GeV for any value of tanβ in both the Type II
and Flipped models. As shown in [10], though, this bound can be weakened to about 200 GeV by
judiciously tuning the χfij ’s together with the other 2HDM Type III parameters.
The couplings of h and H to gauge bosons V = W,Z are proportional to sin(β − α) and
cos(β − α), respectively. Since these are gauge couplings, they are the same for all Yukawa types.
As we are considering the scenario where the neutral lightest Higgs state is the 125 GeV scalar,
the SM-like Higgs boson h is recovered when cos(β − α) ≈ 0. For the Type II and Flipped models
this is also the limit where the Yukawa couplings of the discovered Higgs boson become SM-like.
The limit cos(β − α) ≈ 0 seems to be favoured by LHC data, except for the possibility of a wrong
sign limit [31, 32] where the couplings to down-type quarks can have a relative sign to the gauge
bosons opposite to that of the SM. Our benchmarks will focus on the SM-like limit where indeed
cos(β − α) ≈ 0 and consequently the effect of the χfij ’s in hff¯ and Hff¯ coupling is suppressed by
the cos(β − α) factor.
6III. THEORETICAL AND EXPERIMENTAL CONSTRAINTS
In order to perform a systematic scan on the versions of the 2HDM Type II, Flipped and Type
III, we use the following theoretical and experimental constraints.
• Vacuum stability: To ensure that the scalar potential is bounded from below, the quartic
couplings should satisfy the relations [33]
λ1,2 > 0, λ3 > −(λ1λ2)1/2, and λ3 + λ4 − |λ5| > −(λ1λ2)1/2. (6)
We impose that the potential has a minimum that is compatible with EWSB. If this minimum
is CP-conserving, any other possible charged or CP-violating stationary points will be a
saddle point above the minimum [34]. However, there is still the possibility of having two
coexisting CP-conserving minima. In order to force the minimum compatible with EWSB,
one can impose the simple condition [35]:
m212
(
m211 −m222
√
λ1/λ2
)(
tanβ − 4
√
λ1/λ2
)
> 0. (7)
Writing the minimum conditions as
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2
2
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2
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2
2
2
+
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2
1
2
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m212 − (λ4 + λ5)
v1v2
2
]
, (9)
allows us to express m211 and m
2
22 in terms of the soft Z2 breaking term m
2
12 and the quartic
couplings λ1−5.
• Perturbative unitarity: Another important theoretical constraint on the scalar sector of
2HDMs stems from the perturbative unitarity requirement of the S-wave component of the
various scalar scattering amplitudes. That condition implies a set of constraints that have
to be fulfilled and are given by [36]
|a±|, |b±|, |c±|, |f±|, |e1,2|, |f1|, |p1| < 8pi, (10)
where
a± =
3
2
(λ1 + λ2)±
√
9
4
(λ1 − λ2)2 + (2λ3 + λ4)2,
b± =
1
2
(λ1 + λ2)± 1
2
√
(λ1 − λ2)2 + 4λ24,
c± =
1
2
(λ1 + λ2)± 1
2
√
(λ1 − λ2)2 + 4λ25,
e1 = λ3 + 2λ4 − 3λ5, e2 = λ3 − λ5,
f+ = λ3 + 2λ4 + 3λ5, f− = λ3 + λ5,
f1 = λ3 + λ4, p1 = λ3 − λ4.
(11)
• EW Precision Tests: The additional neutral and charged scalars contribute to the gauge
boson vacuum polarisation through their coupling to gauge bosons. As a result, the updated
EW precision data provide important constraints on new physic models. In particular, the
universal parameters S, T and U provides constraint on the mass splitting between the heavy
7states mH , mH± and mA in the scenario in which h is identified with the SM-like Higgs state.
The general expressions for the parameters S, T and U in 2HDMs can be found in [37]. To
derive constraints on the scalar spectrum we consider the following updated values for S, T
and U :
∆S = 0.05± 0.11, ∆T = 0.09± 0.13, ∆U = 0.01± 0.11, (12)
and use the corresponding covariance matrix given in [38]. The χ2 function is then expressed
as
χ2ST =
∑
i,j
(Xi −XSMi )(σ2)−1ij (Xj −XSMj ), (13)
with correlation factor +0.91.
• LHC constraints: Moreover, we take into account the new experimental data at 13 TeV
from the observed cross section times Branching Ratio (BR) divided by the SM predictions,
i.e., the so-called ‘signal strengths’ of the Higgs boson defined by
µfi =
σ(i→ h)2HDMBR(h→ f)2HDM
σ(i→ h)SMBR(h→ f)SM , i = 1, 2, (14)
where σ(i → h) denotes the Higgs boson production cross section through channel i and
BR(h→ f) the BR for the Higgs decay h→ f . Since several Higgs production channels are
available at the LHC, they are grouped to be µf1 = µ
f
ggF+tth and µ
f
2 = µ
f
VBF+V h, containing
gluon-gluon Fusion (ggF) plus associated Higgs production tt¯h as well as Vector Boson
Fusion (VBF) plus Higgs-strahlung V h with V = W±, Z. The values of the observed signal
strengths are shown with their correlation factor in table II. According to LHC results,
which appear to be in good agreement with the SM predictions [39], data seems to favour a
scenario with alignment limit where sin(β−α) ≈ 1 where h is the SM-like or cos(β−α) ≈ 1
where H is the SM-like. As intimated, in our study, we identify the lightest CP-even state
h with the SM-like scalar observed at the LHC with mass mh = 125.09(24) GeV [27] which,
because we have discarded the possibility of being in the wrong sign limit, in turn implies
that sin(β − α) ≈ 1.
f µ̂f1 µ̂
f
2 ± 1σ̂1 ± 1σ̂2
γγ 1.09 1.14 0.23 0.25
ZZ∗ 1.31 1.25 0.24 0.28
WW ∗ 1.06 1.27 0.18 0.21
τ+τ− 1.05 1.24 0.35 0.40
bb¯ 3.9 3.7 2.8 2.4
TABLE II: Combined best-fit signal strengths µ̂1 and µ̂2 for corresponding Higgs decay mode
from [40].
• Flavour physics constraints: We take into account all the relevant flavour constraints
which, as previously discussed, force the the charged Higgs mass to be above about 580 GeV
from b→ sγ at the 2σ level in Type II and Flipped [9]. However, we relax this condition to
the 3σ level in order to obtain H± signal rates that are more within the reach of the next
run of the LHC. All other flavour constraints were discussed recently for Type III in [10] and
are also taken into account here. We again note that the tuning of the χfij ’s together with
the other 2HDM Type III parameters allows us to relax the bound on the charged Higgs
boson mass significantly in this scenario.
8IV. NUMERICAL ANALYSIS
The above mentioned constraints are then imposed onto a set of randomly generated points in
the ranges:
200 GeV ≤ mH± ≤ 1 TeV, 126 GeV ≤ mH ≤ 1 TeV, 100 GeV ≤ mA ≤ 1 TeV ,
−1 ≤ sinα ≤ 1, 2 ≤ tanβ ≤ 50, −(1000 GeV)2 ≤ m212 ≤ (1000 GeV)2 . (15)
We note again that we take the χfij ’s in the range [−1, 1] and that all constraints are taken at the
2σ level except the ones from the b → sγ measurement where we allow compatibility at the 3σ
level which in Type II and Flipped mean a reduction in the bound from 580 GeV to 440 GeV. For
Type III the scan starts at 200 GeV.
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FIG. 1: Upper panels: Total decay widths (in GeV) of the CP-odd A and charged Higgs H±
bosons in the plane (mA,mH±). Lower panels: BR(A→ bb¯) (left) and BR(H± →W±A) (right)
in the plane (mA,mH±). All panels are for Type II.
In figure 1 (upper panels) we show the total widths of the CP-odd Higgs A and the charged
Higgs boson H± in the plane (mA,mH±). It is clear that the two widths can be simultaneously
large. In the case of the charged Higgs boson the total width is amplified by the opening of the
bosonic decay H± → W±A for mA ≤ 350 GeV while for the CP-odd Higgs the total width gets
enhanced after the opening of A → tt¯. In the lower panels of figure 1 we present the BRs of
9 100
 200
 300
 400
 500
 600
 700
 800
 900
 100  200  300  400  500  600  700  800
2HDM type-III
m
H
Β1
 
(G
eV
)
mA (GeV)
 0
 2
 4
 6
 8
 10
 12
 14
 16
 18
Γ A
 
(G
eV
)
 100
 200
 300
 400
 500
 600
 700
 800
 900
 100  200  300  400  500  600  700  800
2HDM type-III
m
H
Β1
 
(G
eV
)
mA (GeV)
 0
 50
 100
 150
 200
 250
 300
Γ H
Β1
 
(G
eV
)
 100
 200
 300
 400
 500
 600
 700
 800
 900
 100  200  300  400  500  600  700  800
2HDM type-III
m
H
±  
(G
eV
)
mA (GeV)
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
BR
(A
  →
 
b 
b) 
 100
 200
 300
 400
 500
 600
 700
 800
 900
 100  200  300  400  500  600  700  800
2HDM type-III
m
H
±  
(G
eV
)
mA (GeV)
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 1
BR
(H
± →
W
A)
FIG. 2: Same as in figure 1 but for Type III.
A → bb¯ (left) and H± → W±A (right). One can see that the BR(A → bb¯) could be sizeable and
above about 70% below the tt¯ threshold. In the case of the charged Higgs boson, since gH±W∓A
is a gauge coupling with no suppression factor, we expect BR(H± → W±A) to be large when
kinematically allowed and able to compete with the H+ → t¯b and H± → W±H decays. The
lighter the pseudoscalar is the larger the BR(H± → W±A) can be, easily reaching values above
50% as can be seen from the figure. Therefore, since we need a charged Higgs boson with a large
width, in order to compromise and to obtain large BR(H± → W±A) and large BR(A → bb¯), we
need a heavy charged Higgs and a much lighter pseudoscalar. Still the charged Higgs mass should
not be too large so that the rate of signal events is large enough to be seen at the LHC Run-II. We
note that the plots for the Flipped model would be very similar and therefore we will refrain from
presenting them here.
In figure 2 we show the total width of the CP-odd A and of the charged Higgs boson H±
together with BR(A→ bb¯) and BR(H± →W±A) in Type III. The picture is rather similar to the
one for Type II except that the charged Higgs mass for Type III is relaxed up to 200 GeV. The
conclusions regarding the possible decays are the same as for Type II and Flipped.
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FIG. 3: Feynman diagrams in a 2HDM contributing to resonant charged Higgs production and
corresponding decays leading to the signal pp→ tW−bb¯ with h- ≡ H−, h1 ≡ h, h2 ≡ H and h3
≡ A (as appropriate).
V. MONTE CARLO ANALYSIS
We study the process pp → tW−bb¯ wherein the interference effects between the charged Higgs
resonant diagrams (shown in figure 3) and the non-resonant background graphs (presented in
figures 4, 5 and 6) are found to be substantial. Non-resonant diagrams include all possible contri-
butions coming from SM background as well as from 2HDM contributions. In total, there are 394
diagrams for the background contributing to the process pp → tW−bb¯. The SM top-pair produc-
tion associated with a b quark is the dominant component of the latter. We have calculated the
interference effects between the resonant diagrams (from figure 3) and the diagrams which come
from SM QCD interactions at the α3SαEW order (Feynman diagrams with gluon contributions in
figure 4 and diagrams 1–5 in figure 6) as well as with the ones that come from SM EW interactions
at the αSα
3
EW order. We found that, in most cases, the EW contributions produce a small but
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FIG. 4: Non-resonant Feynman diagrams contributing to the background for the process
pp→ tW−bb¯ with h- ≡ H−, h1 ≡ h, h2 ≡ H, h3 ≡ A and a ≡ γ (as appropriate).
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FIG. 5: Non-resonant Feynman diagrams contributing to the background for the process
pp→ tW−bb¯ with h- ≡ H−, h1 ≡ h, h2 ≡ H, h3 ≡ A and a≡ γ (as appropriate).
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FIG. 6: Non-resonant Feynman diagrams contributing to the background for the process
pp→ tW−bb¯ with h- ≡ H−, h1 ≡ h, h2 ≡ H, h3 ≡ A and a ≡ γ (as appropriate).
positive interference with the signal while the QCD contributions a large negative one. Thus, the
net result is generally an overall negative interference for the total cross section of the process
pp→ tW−bb¯ and the magnitude of this interference is determined by the width of the intermediate
Higgs particles, i.e., A and H±. However, for a minority of the Benchmark Points (BPs) to be
studied, the overall effect can be positive.
As far as the signal is concerned, we focus on the dominant production mode of a heavy charged
Higgs, i.e., pp → tH−, followed by its decay via H− → W−h → W−bb¯, H− → W−H → W−bb¯,
H− → W−A→ W−bb¯ and H− → t¯b→ W−bb¯. Thus, all such decays lead to the same final state,
facilitating interference effects amongst the different signal amplitudes. However, as previously
shown in [24], interference effects amongst the signal contributions are generally negligible. More-
over, the BPs chosen in this study are such that the H− →W−A→W−bb¯ decay mode dominates
over all other charged Higgs boson decays.
For the BPs of the models that we consider, we will focus on the mass of the scalars involved in
the process, A and H±, the BRs of the decays H± →W±A and A→ bb¯ as well as the total width
of the two scalars. As previously discussed, in order to have large interference effects between signal
and background, the total width of the charged Higgs boson has to be quite large. However, to
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have a large interference, a sufficiently large width of the pseudoscalar is also essential. Otherwise
the decays of the A would be extremely narrow and would not overlap with any background
processes. In this analysis we first consider a 2HDM Type II/Flipped where the pseudoscalar
couplings to down-type fermions are proportional to tanβ so that, for a large values of it, the
width of the pseudoscalar can be made significantly large. Taking into account the latest searches
on pp→ Φ→ τ+τ− [41], Φ being any heavy spin-0 object, very large values of tanβ are disallowed.
In table III we present our input parameters for the Type II and Flipped models for five chosen
BPs. The five points have passed all the constraints described before plus they are all valid for
the Flipped model as well since searches for pp → Φ → τ+τ− are negligible in the Flipped case
owing to the very small coupling to τ leptons for high tanβ. Therefore the five points are valid
in the Flipped model but only the first three are valid in Type II. The latest searches for charged
Higgs bosons by ATLAS [42, 43] and CMS [44, 45] are indeed in agreement with the values of the
charged Higgs mass and the corresponding value of tanβ.
tanβ sin(β − α) mH± (GeV) mA (GeV) m212 (GeV2)
BP1 (II) 10.25 0.98 509.14 248.27 52287.83
BP2 (II) 16.75 0.99 545.82 268.41 33622.43
BP3 (II) 18.80 0.99 457.71 247.22 16427.97
BP4 (F) 37.21 0.99 469.45 258.03 9800.68
BP5 (F) 44.10 1.00 519.45 288.32 10200.34
TABLE III: Type II and Flipped input parameters for the BPs.
Γ(A) Γ(H±) BR(A→ bb¯) BR(H+ → bt¯) BR(H+ →W+A)
BP1 (II) 0.47 72.85 0.83 0.01 0.29
BP2 (II) 1.29 91.97 0.86 0.02 0.29
BP3 (II) 1.50 34.83 0.87 0.05 0.17
BP4 (F) 5.45 50.45 0.99 0.13 0.16
BP5 (F) 10.46 85.45 1.00 0.18 0.26
TABLE IV: Partial widths (in GeV) and BRs in Type II and Flipped for the BPs.
In table IV we present the partial widths for Γ(A) and Γ(H±) and the BR(A→ bb¯), BR(H+ →
bt¯) and BR(H+ → W+A) for the five BPs. Note that the major difference between the models
is the column for BR(A → bb¯) that is always larger in the Flipped model because the decays to
τ leptons become negligible in this model. For all other columns the differences are extremely
small. This in turn means that the results are slightly better for the Flipped model. We choose
for the detailed analysis BP5 for of Flipped model. Cross sections for signal, background and total
(including interference) for BP5 are 0.74 pb, 10.43 pb and 10.72 pb respectively. This results into
an interference cross section of 0.45 pb which is around 60% of the signal cross section. The results
for the cross sections for all BPs for the Type II and Flipped models are presented in table V.
In the case of the Type III model we choose three BPs which are in agreement with all con-
straints. These are shown in table VI and the corresponding widths and BRs are presented in
table VII.
For the Type III, we choose the benchmark point BP2 which has the lightest H± mass and
lowest mass splitting between H± and W± in order to demonstrate the interference effect in a
wide range of mass spectra. For this benchmark point the cross sections for the signal, background
and the total are 0.978 pb, 9.95 pb and 10.92 pb, respectively. Thus, the resulting cross section
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BP Signal (pb) Background (pb) Total (pb) Interference (pb)
BP1 0.031 10.03 9.96 -0.101
BP2 0.052 9.96 10.02 -0.008
BP3 0.144 10.07 10.18 0.034
BP4 0.469 9.94 10.31 -0.102
BP5 0.742 10.43 10.72 -0.452
TABLE V: Cross sections (in pb) for signal, background, total and interference for the BPs of
Type II and Flipped.
tanβ sin(β − α) mH± (GeV) mA (GeV) m212 (GeV−2) χ
BP1 15.84 0.99 480.75 369.89 27463.94 0.21
BP2 19.41 0.99 307.23 225.46 6045.62 -0.34
BP3 38.11 0.99 447.45 258.33 9833.68 0.71
TABLE VI: Type III input parameters for the BPs.
turns out to be -0.008 pb. The small interference effect in this case can be attributed to the small
width of both H± and A. The results for the cross sections for all BPs for the Type III model are
presented in table VIII.
All the numbers presented above are at parton level. Next we perform a detector level analysis
and study if these interference effects survive even after all acceptance and selection cuts. For this
purpose, we generate the events using MadGraph [46] and then we pass these to Pythia [47] for
parton showering and hadronisation. After that all the events are finally passed through Delphes
[48] for a realistic detector level analysis.
Below we list the basic detector acceptance cuts.
• Acceptance cuts
1. Events must have at least one lepton (e or µ) and at least 5 jets.
2. Leptons must have transverse momentum pT > 20 GeV and rapidity |η| < 2.5.
3. All jets must satisfy the following pT and η requirements:
pTj > 20 GeV, |ηj | < 2.5.
4. All pairs of objects must be well separated from each other,
∆Rjj,jb,bb,`j,`b ≥ 0.4 where ∆R =
√
(∆φ)2 + (∆η)2.
Γ(A) Γ(H±) BR(A→ bb¯) BR(H+ → bt¯) BR(H+ →W+A)
BP1 2.79 60.72 0.47 0.02 0.27
BP2 1.69 12.78 0.88 0.05 0.21
BP3 6.10 52.77 0.87 0.10 0.17
TABLE VII: Partial widths in units of GeV and BRs in Type III.
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BP Signal (pb) Background (pb) Total (pb) Interference (pb)
BP1 0.059 10.35 10.27 -0.139
BP2 0.978 9.95 10.92 -0.008
BP3 0.291 10.02 10.34 0.029
TABLE VIII: Cross sections (in pb) for signal, background, total and interference for the BPs in
the 2HDM Type III.
A. Event reconstruction
In this section, we describe the procedure which we employ to reconstruct the masses of top
quark, charged Higgs H±, pseudoscalar A and the two W± bosons in each event. For this purpose,
we make use of a method based on a χ2 template. We then discuss the efficiency of the reconstruc-
tion. Each event in the analysis is assumed to be a tH− event decaying to W+W−jjj and one of
the W± is considered to decay hadronically and the other leptonically. Thus, each single event is
considered to have at least one lepton, 5 jets and missing transverse energy.
The χ2 fit takes as input the four vectors of the five leading jets, lepton and neutrino. The
treatment of the neutrino four-vector is as follows. The transverse momentum of the neutrino is
determine through balancing the initial and final particle momenta in an event. The longitudinal
component of the neutrino momentum is instead determined by imposing the invariant mass con-
straint M2lν = M
2
W± . Since this condition leads to a quadratic equation, there are in general two
solutions for pzν :
pzν =
1
2p2`T
(
AW p
z
` ± E`
√
A2W ± 4p2`TE2νT
)
, (16)
where AW = M
2
W± + 2pT · EνT . A separate χ2 is evaluated for each of the pzν solutions and the
one having minimum χ2 value is retained to reconstruct the event.
We write two expressions for χ2, one corresponding to a scenario where H± decays fully hadron-
ically, χ2had, and other where it decays semi-leptonically, χ
2
lep:
χ2had =
(M`ν −MW )2
Γ2W
+
(Mjj −MW )2
Γ2W
+
(M`νj −Mtop)2
Γ2top
+
(Mjj −MA)2
Γ2A
+
(Mjjjj −MH±)2
Γ2
H±
, (17)
χ2lep =
(M`ν −MW )2
Γ2W
+
(Mjj −MW )2
Γ2W
+
(Mjjj −Mtop)2
Γ2top
+
(Mjj −MA)2
Γ2A
+
(M`νjj −MH±)2
Γ2
H±
, (18)
where in the denominators we have the decay widths of the respective particles as calculated for
the BPs in the various models.
For each event, χ2 is evaluated for each possible way of assigning the five leading jets to the
reconstructed top and charged Higgs four-momenta. The number of such permutations turns out
to be 15 for each of χ2had and χ
2
lep. In addition, there is a twofold ambiguity in assigning the two
solutions for pzν . Finally, there are two ways with which two of the jets can be assigned to either
a W± boson or to the pseudoscalar. Thus, for each event, the χ2’s are evaluated for 120 different
combinations and the combination with minimum χ2 values is kept for mass reconstruction.
Using the procedure described above, we now proceed to reconstruct the masses of the various
particles involved in the process in order to see the efficiency of it. We present the reconstructed
masses of all the intermediate resonant particles in the process, i.e., W±, A, top and H± in figure 7
for the Flipped case (BP5) and in figure 8 for the Type III case (BP2). In each plot we see that
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FIG. 7: Reconstructed masses of W±, pseudoscalar A, top quark and charged Higgs H± for BP5
in the 2HDM Flipped.
the peak is found to be at the particle masses, vouching for the effectiveness of our reconstruction
procedure. In presenting the plots, we take events after applying all the acceptance cuts discussed
above and selection cuts mentioned in table IX.
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FIG. 8: Reconstructed masses of W±, pseudoscalar A, top quark and charged Higgs H± for BP2
in the 2HDM Type III.
In order to further investigate interference effects, we look at various distributions, e.g., trans-
verse momentum pT , rapidity η and energy E of the lepton, for both the signal and interference
contributions. The distributions for the interference are obtained by subtracting those of the signal
and background processes (separately) from the total ones. The distributions for BP5 of the 2HDM
Flipped (top) and BP2 of the 2HDM Type III (bottom) are shown in figure 9. We can clearly see
that the shape of all distributions for signal alone and interference are almost the same but with
opposite signs, the latter being expected, as we found the overall interference between signal and
irreducible background to be destructive for the used BP. It is instead remarkable the similarity
found between the two contributors to the total signal cross section. Notice that in figure 9 we
have only shown the lepton distributions though it has been verified for all the jets involved in the
process that their distributions present the same behaviour.
Finally, we present in table IX the flow of cross section values after each cut for (Flipped) BP5
and in table X for (Type III) BP2. We observe that the relative ratio of the signal-to-interference
cross section increases with each cut for both BPs. For (Flipped) BP5, we see that the ratio rises
from 60% to almost larger than 100% while, for (Type III) BP2, the increment is from 0.1% to
17%. The reason for the smaller interference cross section for the latter with respect to the former
is a smaller width for both A and H±: this well illustrates the correlation between interference
effects and off-shellness of the Higgs bosons involved.
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FIG. 9: Distributions for transverse momentum, rapidity and energy of a lepton for signal and
interference for BP5 of the 2HDM Flipped (top) and BP2 of the 2HDM Type III (bottom).
Cuts
σ [fb]
Signal Background Total Interference
C0: No Cuts 740 10430 10720 -450
C1: Only one lepton 115.0 1116.2 1151.2 -80.1
C2: At least 5 light jets 91.9 680.8 703.5 -69.2
C3: Cut on HT > 500 GeV 70.8 173.8 173.6 -71.1
TABLE IX: Cut flow of the cross sections for signal (BP5 in the 2HDM Flipped) and irreducible
background at the 14 TeV LHC. Conjugate processes are included here.
Cuts
σ [fb]
Signal Background Total Interference
C0: No Cuts 978 9950 10920 -8
C1: Only one lepton 243.6 2040.8 1151.2 -6.4
C2: At least 5 light jets 180.3 1221.4 1398.1 -3.6
C3: Cut on HT > 500 GeV 89.8 491.2 566.9 -14.1
TABLE X: Cut flow of the cross sections for signal (BP2 in the 2HDM Type III) and irreducible
background at the 14 TeV LHC. Conjugate processes are included here.
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VI. CONCLUSIONS
In this paper, we have assessed whether interference effects involving heavy charged Higgs signals
appearing via W±bb¯ final states at the LHC, both amongst themselves and in relation to irreducible
background, can be sizable and thus affect ongoing experimental searches. We have taken as
reference models to perform our analysis two Z2 symmetric 2HDMs, the Type II and Flipped
versions, as well as the Type III one. We have then prepared the corresponding parameter space
regions amenable to phenomenological investigation by enforcing both theoretical (i.e., unitarity,
perturbativity, vacuum stability, triviality) and experimental (i.e., from flavour physics, void and
successful Higgs boson searches at the Tevatron and LHC, EW precisions observables from LEP and
SLC) constraints. We have finally proceeded to simulate the relevant signal processes via bg → tH−
(+ c.c.) scattering with the charged Higgs state decaying via H− → W−h,A,H → W−bb¯ or
H− → t¯b → W−bb¯ (+ c.c. in all cases) and the irreducible background given by bg → tW−bb¯
topologies. The motivation for this is that signals and background are treated separately in current
approaches. Indeed, these may be invalidated by the fact that, on the one hand, a heavy charged
Higgs state can have a large width and, on the other hand, this can also happen for (some of) the
neutral Higgs states emerging from its decays. Clearly, a prerequisite for such interference effects
to onset is that such widths are large enough, say, 10% or so, which we have verified here to be the
case. While the phenomenology we have investigated could well occur in the other decay chains in
suitable regions of the parameter space, we have chosen to single out here H− →W−A→W−bb¯,
as it is the one that is most subject to interference effects with the irreducible background, at
least in the 2HDM Type II, Flipped and Type III setups adopted. In fact, the latter are generally
predominant over interference effects amongst the different decay patterns of the H± signal.
After performing a sophisticated MC simulation, we have seen that such interference effects
can be very large, even of O(100%), both before and after H± selection cuts are enforced, and
mostly negative. This appears to be the case for all masses tested, from 300 to 500 GeV or so,
in both the 2HDM II and Flipped as well as Type III, the more so the larger the H± and A
masses (and, consequently, their widths). Remarkably, after all cuts are applied, the shapes of
the analysed signal and interference (with the irreducible background) are essentially identical
in all kinematical observables relevant to the signal extraction, as the selection drives these two
components of the total cross section to be very similar. These findings therefore imply that
current and, especially, future LHC sensitivities to heavy charged Higgs bosons signals in W−bb¯
final states require an ‘inclusive’ rescaling of the event yields, as the the ‘exclusive’ shape of the
signal is roughly unchanged after such interference effects are accounted for.
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